MicroED structure of Au146(p-MBA)57 at subatomic resolution reveals a
  twinned FCC cluster by Vergara, Sandra et al.
Title: MicroED structure of Au146(p-MBA)57 at subatomic resolution reveals a 
twinned FCC cluster. 
Authors:  Sandra Vergara1‡, Dylan A. Lukes2‡, Michael W. Martynowycz3‡, Ulises Santiago1, 
German Plascencia-Villa1, Simon C. Weiss2, M. Jason de la Cruz3, David M. Black1, Marcos M. 
Alvarez1, Xochitl Lopez-Lozano1, Christopher O. Barnes2†, Guowu Lin2, Hans-Christian 
Weissker4, Robert L. Whetten1*, Tamir Gonen3,5*, Guillermo Calero2* 
Affiliations: 
1 Department of Physics and Astronomy, The University of Texas at San Antonio, San Antonio, 
TX, USA. 
2 Department of Structural Biology, University of Pittsburgh, Pittsburgh, PA, USA. 
3 Howard Hughes Medical Institute, Janelia Research Campus, Ashburn, VA, USA. 
4 Aix Marseille Université, CNRS, CINaM UMR 7325, Marseille, France. 
5 Departments of Biological Chemistry and Physiology, David Geffen School of Medicine, UCLA 
CA, USA. 
* Correspondence to: guc9@pitt.edu, tgonen@ucla.edu, robert.whetten@utsa.edu 
† Present address: Division of Biology and Biological Engineering, California Institute of 
Technology, Pasadena, CA, USA. 
‡ These authors contributed equally to this work.  
Abstract: Solving the atomic structure of metallic clusters is fundamental to understanding their 
optical, electronic, and chemical properties. We report the structure of Au146(p-MBA)57 at 
subatomic resolution (0.85 Å) using electron diffraction (MicroED) and atomic resolution by X-
ray diffraction. The 146 gold atoms may be decomposed into two constituent sets consisting of 
119 core and 27 peripheral atoms. The core atoms are organized in a twinned FCC structure 
whereas the surface gold atoms follow a C2 rotational symmetry about an axis bisecting the 
twinning plane. The protective layer of 57 p-MBAs fully encloses the cluster and comprises 
bridging, monomeric, and dimeric staple motifs. Au146(p-MBA)57 is the largest cluster observed 
exhibiting a bulk-like FCC structure as well as the smallest gold particle exhibiting a stacking 
fault. 
One Sentence Summary: We report the structure of Au146(p-MBA)57 by MicroED and X-ray 
diffraction, observing for the first time a twinned FCC cluster. 
 
  
Main Text:  
 
Within the field of nanotechnology, metal clusters and nanoparticles are of central 
interest for their optical, electronic, and chemical properties. However, advances in this field 
have been limited by a lack of fidelity in the growth of nanoparticles. One strategy to achieve 
precise control over the shape and size of nanoparticles is the use of ligands as surface-protecting 
agents. This approach has enabled the synthesis of numerous stable clusters with atomically 
well-defined composition. Spectroscopic studies reveal that smaller metallic clusters have 
molecule-like electronic structures while larger ones support collective plasmon excitation 
similar to bulk-like nanoparticles (1-3). Solving the atomic structure of protected metal clusters 
is fundamental to understanding their size-dependent properties. Single crystal X-ray diffraction 
(XRD) has previously revealed the structure of several thiolate-protected gold clusters (3-14). 
Although some small clusters display FCC-like kernels (3-5), for several clusters –including the 
larger ones with {102, 130, 133, & 246} Au atoms– non-crystalline icosahedra and truncated 
decahedra (known as multiply twinned particles, or MTPs) have been found (11-14). However, 
for sufficiently large clusters, a transition to bulk-like FCC packing should occur. Although some 
studies suggest a geometric and electronic transition occurring in the range of Au144 to Au329, the 
critical size for this transition is not clear (1, 2, 15-17). Therefore, the case of ubiquitous clusters 
of ~29kDa core mass (1.7-nm core diameter), commonly identified as Au144(SR)60, is of 
particular interest. The standard structure-model predicts that Au144(SR)60 should have the 
icosahedral symmetry (18) which correlates well with electron microscopy studies (19), whereas 
recent powder diffraction studies suggest polymorphism in aqueous-phase samples, with 
competing icosahedral and truncated decahedral cores (20). However, the precise composition 
and structure of the aqueous ~29kDa cluster remains elusive. 
Herein we present the structure of the largest aqueous gold cluster, Au146(p-MBA)57 (p-
MBA: para-mercaptobenzoic acid), solved by MicroED (21, 22) to subatomic resolution (0.85 
Å) and by X-ray diffraction at atomic resolution (1.3 Å). This composition has not heretofore 
been reported for the ultra-stable ~29kDa cluster (core mass). Synthesis of the gold nanoclusters 
was achieved by a modified two-phase method (23), where clusters were precipitated by 
incubation in cold methanol or in cold methanol with 100mM ammonium acetate (24). The 
product was separated by native-PAGE (Fig. S1). In both cases, mass spectrometric analysis via 
electro spray ionization mass spectroscopy (ESI-MS) methods (supplementary text) is consistent 
with a predominant Au146(p-MBA)57 and a minor Au144(p-MBA)60 components, as the assigned 
MS peak intensities showed a ratio near 2:1 in the former sample and ~ 4:1 in the latter 
(ammonium acetate coprecipitation) (Fig. S2 and Table S1). The composition Au146(p-MBA)57 
was not reported previously as the small mass-difference compared to Au144(p-MBA)60 (65 Da of 
~37,500 Da total) led to the interpretation of the multiple peaks as adducts (25). Thus, Au146(p-
MBA)57 does not constitute an artifact of crystallization. Samples without ammonium acetate 
formed poorly-diffracting hexagonal plate crystals similar to those previously reported (20, 26, 
27), whereas samples co-precipitated with ammonium acetate crystallized as needles and plates 
in the presence of 25% polyethylene glycol 8000 and 50mM sodium potassium phosphate (Table 
S2). Large crystals as well as fragmented nanocrystals (measuring less than 5µm, Fig. 1A) were 
selected for X-ray or MicroED experiments, respectively (24). Remarkably, subatomic resolution 
was only achieved with electron diffraction via MicroED where crystals were analyzed in a 
frozen hydrated state (Fig. 1B and Fig. S3). A total of 146 gold atoms and 57 p-MBA ligands 
were identified in the electron density maps correlating with ESI-MS (Fig. 1C). The surface 
representation of the metal cluster shows a globular and well-ordered structure that is effectively 
coated by p-MBA, preventing further growth (Fig. 1D and Movie S1). The overall architecture 
of the cluster is illustrated stereographically by Fig. 1E. The root-mean-square deviation between 
MicroED and X-ray atomic positions was 0.05 Å for the cluster kernel (innermost 13 Au atoms) 
and 0.1 Å for the entire gold structure, confirming the equivalence of the two methods. This 
MicroED structure represents the highest resolution structure for such aqueous phase gold 
clusters and the highest resolution determined to date by any cryoEM method.  
The 146 gold atoms in the Au146(p-MBA)57 may be decomposed into two constituent 
sets: 119 core atoms and 27 peripheral atoms. The core atoms are organized in a twinned FCC 
structure (Fig. 2A), whereas the surface gold atoms follow a C2 rotational symmetry about an 
axis bisecting the twinning plane (Fig. 2B). While FCC structures may be described 
morphologically as nested cuboctahedra, twinned FCC structures may be described as nested 
anti-cuboctahedra (Fig. S4). Anti-cuboctahedra are also known as J27 under the Johnson solid 
classification system. The eight triangular faces of a J27 correspond to {111} planes, and the six 
square faces to {100} planes. The core of Au146(p-MBA)57 is comprised of three nested J27 
shells: a first shell (J27-1) formed by the 12 immediate neighbors of the central Au-atom site, a 
second shell (J27-2) of 42 sites, and an incomplete third shell (J27-3) comprising 60 sites (115 in 
total). Two pairs of additional gold atoms located on {100} facets complete the 119-atom core. 
The observed truncation of 32 sites, with respect to an ideal J27-3 shell, rounds the morphology 
(Fig. S5), as these truncations occur at sites of low coordination-number: 12 at vertices, and 20 
along edges. In particular, sites on the boundary between mirror {111} planes are not occupied. 
In addition, in four of the {111} facets, we observe a lattice distortion that resembles the HCP 
packing (Fig. S6). The occupied positions as well as the distorted positions in the third shell are 
symmetric across mirror planes (Fig. S7). However, non-mirror {111} planes are distinct 
throughout the third shell. The view along the [111] direction (Fig. 2C) shows that atoms 
belonging to J27-1 and J27-2 as well as the majority of atoms in J27-3 lie on the expected 
positions for an FCC, while most of the peripheral atoms deviate from ideal positions (Fig. 2B 
and Fig. S8). The view along the [1-10] direction shows the twin in the Au146 structure. We 
observe a strong correlation between peaks of the radial distribution function and those of an 
FCC structure (Fig. S9), with a peak gold-gold distance of 2.88 Å and most atoms in the range 
2.73Å–3.1Å. 
Alternatively, one notes the presence of a 79-site twinned truncated octahedron (t-TO+) 
as a substructure of Au146 (Fig. 2D). The superior stability of the Marks decahedron and t-TO+ 
was previously predicted for gold clusters as compared to the icosahedron or the untwinned TO+ 
(17, 28). The 79-atom t-TO+ substructure may be recovered by capping each of the six {100} 
facets of J27-2 with four gold atoms. This t-TO+ also appears as a distinguishable group in the 
radial distance histogram from the central atom (Fig. S10). 
The protective layer of Au146(p-MBA)57 comprises 7 bridging motifs (-S-), 19 monomeric 
staple motifs (-S-Au-S-), and 4 dimeric staple motifs (-S-Au-S-Au-S-) arranged around the C2 
symmetry axis bisecting the twinning plane (Fig. 3A and Fig. 3B). Four of the bridging motifs lie 
on {100} facets, two connect mirror {111} facets and one is located on the screw axis. This 
bridging motif has been observed primarily on {100} facets (7, 10), but has recently been 
identified linking {111} facets in the structure of Au246(p-MBT)80 (Fig. S11) (14). The 
monomeric staples connect adjacent facets. We observe a broader distribution of dihedral angles 
in these monomeric staples as compared to those in other clusters (Fig. S12). The four dimeric 
staples are anchored to {111} facets, two of them directly linked to atoms in the J27-2. Dimeric 
staples have been observed forming a “V” shape with the sulfur atoms in almost coplanar 
positions (9, 11). In Au146(p-MBA)57, the three sulfur atoms (-S-Au-S-Au-S-) are not coplanar 
resulting in a bending of the staple. Interestingly, both characteristics of dimeric staples, the 
exclusive binding on {111} facets and the bending, are also present in the nonaqueous system 
Au246(p-MBT)80 (14) (Fig. S12). The overall distribution of the staples is presented in Fig. 3C.  
Starting from the experimental coordinates and either replacing the thiolate ligands (RS-) 
by chloride (Cl-), or the R-group by methyl (-CH3), we have analyzed the structure by density 
functional theory (DFT) methods (supplementary text). The optimized (relaxed) structure thus 
obtained retains all connectivity of the original, while removing much of its irregularities in 
interatomic distances, thereby enhancing the C2-symmetry feature (Fig. S13). In particular, Au-S 
bond lengths show a bimodal distribution, in agreement with experiment, where this double-peak 
structure is rather broad. The first peak is at 2.297 Å and corresponds to peripheral Au-S bonds, 
while the second is at 2.360 Å and corresponds to core Au-S bonds.  
Gold clusters may manifest both crystalline FCC and non-crystalline structures. FCC 
cores have been observed in some small clusters (3-6, 8) and more recently, in the tetragonal-
shaped Au92 (10). Other clusters, including the larger ones (Au102, Au130, Au133, and Au246), 
display cores with five-fold symmetry (MTPs) (7, 9, 11-14). Figure 4 shows the six largest gold 
clusters solved to date. Au92 presents an FCC core; Au102, Au130, and Au246 display decahedra 
cores; and Au133 has a Mackay icosahedral core. Au146 is not only the largest solved cluster with 
a FCC core, but also the first containing a stacking fault. The twinned-FCC Au146 starkly 
contrasts with previous icosahedral and decahedral models proposed for the ubiquitous 29-kDa 
clusters (18-20). 
Although icosahedral and decahedral structures display energetically-favorable close-
packed outer facets, as the size of the particle increases, a preference for bulk-like FCC 
structures is expected. While nucleation mechanisms remain unclear, most likely FCC 
nanoparticles should grow starting from FCC seeds. The favorability of a cluster as a seed for an 
FCC particle is linked to the ability to  grow quickly and leave the subcritical size region before 
disintegration (29). The twinned-FCC anti-cuboctahedral kernel of Au146 may therefore be a 
more suitable seed than a cuboctahedral kernel, as the saturation of {100} facets in J27 generates 
extra sites with 4-coordination on the twin plane than are absent in the untwinned structure (Fig. 
S14). This creation of 4-coordination sites is similar to the well-established effect of twins in the 
growth of nanoparticles (30). In the case of nanoparticles, the introduction of twins favors a 
kinetic growth on the twin that leads to thermodynamically-unfavorable shapes like triangular 
plates or rods.  
In this report we have shown that even a FCC structure with such few atoms (Au146, 
~1.7 nm) contains a well-defined twinning plane. Considering that decahedral structures have 5 
twin-planes and icosahedra have 30 twin-planes, twinning appears to be a critical component of 
nanoparticle structure from a very early stage of growth. Moreover, to our knowledge, the 
subatomic resolution structure of Au146(p-MBA)57 presented here is the first such structure of a 
metal cluster obtained by electron diffraction of frozen hydrated samples, establishing MicroED 
as a new tool for the characterization of nanomaterials. 
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 Fig. 1. MicroED and X-ray determination of the crystal structure of Au146(p-MBA)57. (A) 
Transmission electron micrograph of Au146(p-MBA)57 crystals and (B) typical MicroED data 
extending well beyond 1Å. (C) Electron diffraction density map (2Fo-Fc, contoured at 2 σ) shown 
as red mesh, identifies atomic positions of Au (white spheres) and S (yellow spheres) atoms. 
Ligands (p-MBA) are shown as blue framework. (D) Surface representation of the cluster with 
oxygen in red, carbon in white, sulfur in cyan, and gold in green. The full set of p-MBA ligands 
was determined using X-ray data. (E) Stereoscopic representation of the cluster including all gold 
atoms and p-MBA ligands. Gold atoms colored by shells for visualization purposes (see Fig. 2).   
 
  
Fig. 2.  Configuration of gold atoms in Au146(p-MBA)57. (A) Core structure (119-atoms) of the 
Au146 cluster. The central atom, purple, and the first shell J27-1, red, comprise the kernel of the 
cluster; second shell J27-2, brown; third shell J27-3, light green; extra atoms in the core, dark 
yellow. Twin plane parallel to xz-plane. (B) Location of peripheral gold atoms (27-atoms) in 
dark green, with core displayed in wires. (C) View of crystallographic planes. Plane directions 
are absolute to an FCC unit cell. (D) Selection of 79-atom corresponding to a twinned truncated 
octahedron, t-TO+. Remaining atoms from core displayed on wires.  
 
 Fig. 3. Configuration of ligands (p-MBA) on Au146(p-MBA)57. (A) Distribution of the three types 
of staples on the core surface of Au146(p-MBA)57. Bridging motifs (left) in pink, monomeric staples 
(center) in light pink, and dimeric staples (right) in purple. (B) Rotational symmetric distribution 
of staples. Screw axis parallel to z-axis bisecting the twin plane (xz-plane). (C) Stereoscopic view 
of Au146(p-MBA)57 displaying all different types of staples, J27-2 atoms are displayed as solid 
surface. 
  
Fig. 4. Atomic structures of the largest gold clusters solved to date. (A) Kernel structures of Au92 
(conjoined cuboctahedra with no unique central atom); Au102 and Au246 (decahedra); Au130 (Ino 
decahedron); Au133 (icosahedron); and Au146 (anti-cuboctahedron). (B) The view along the [111] 
axis for Au92 (10) and Au146 shows the atomic positions following the close-packing of FCC 
structures, whereas the projection along [110] axis for Au102 (11), Au130 (12), Au133 (13), and Au246 
(14) shows five-fold symmetry.   
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Materials and Methods 
 
Synthesis and Purification of Gold Nanoclusters 
The gold nanoclusters were produced by two-phase method with some modifications 
(23, 25, 31, 32). Stock solution of para-mercaptobenzoic acid (p-MBA) at 100 mM was 
prepared in 300 mM NaOH by vigorous stirring for at least 3 h or overnight and pulsed 
sonication. Nanoclusters were produced in 25 ml batch in 50 % methanol in a 50 ml round 
flask by adding HAuCl4 to a final concentration of 3 mM and p-MBA to 9 mM. The color 
of this solution was light yellow. The mixture was stirred overnight until solution was 
colorless. Then freshly prepared ice-cold NaBH4 was added to achieve 1.5 mM final 
concentration, and the reaction proceeded for 2 h. The entire content was transferred to a 
50 ml conical tube. Volume was completed to 50 ml with cold methanol. Two distinct 
methods were used to precipitate the as-prepared cluster product: cold methanol or cold 
methanol with 100 mM ammonium acetate. The content was mixed gently and incubated 
at 4°C. Precipitate was concentrated with centrifugation 2000-3000 rpm 15 min, 
supernatant removed, and the pellet resuspended in 25 ml methanol. Nanoclusters were 
again concentrated by centrifugation at 2000-3000 rpm for 15 min, supernatant removed, 
and the pellet dried. Finally, the pellet was dissolved in pure ddH2O (0.5-1 ml). Product 
quality was assessed by native 10-12 % PAGE in TBE buffer at 100 V. Major bands 
corresponding to gold nanoclusters were cut from gel to separate fraction of interest and 
reconcentrated by precipitation or rotary evaporator (Fig. S1). Aliquots were stored at 4°C 
for further analysis. Stability of gold nanoclusters in both samples, with and without 
ammonium acetate coprecipitation, was monitored by routine 10-12 % PAGE and 
Transmission Electron Microscopy (TEM), confirming no perceivable changes over 6 
months.  
 
Gold cluster crystallization  
The two cluster samples, with and without ammonium acetate coprecipitation, were 
submitted to crystallization screenings. The sample without ammonium acetate formed 
poorly-diffracting hexagonal plates, whereas the sample coprecipitated with ammonium 
acetate crystallized in the presence of 25% polyethylene glycol 8000 (PEG8K) and 50 mM 
sodium potassium phosphate. Crystals were transferred to a stabilizing solution for cryo-
protection containing 25% methyl pentanediol (MPD), 5% PEG 8K and 50mM sodium 
potassium phosphate. 
 
Micro Electron Diffraction (microED). 
Crystal fragmentation: Crystals were “too thick” for observation of a crystal lattice 
thus a fragmentation protocol was designed. Crystals in stabilizing solution (see above) 
were harvested in a 0.5 ml Eppendorf tube and 30 mgs of stainless steel beads (1 mm 
diameter) were placed for fragmentation (33, 34). Sample was vortexed several times and 
the presence of homogeneously sized fragments was verified using bright field microscopy. 
Stainless steel beads were removed using a magnet and samples were centrifuged at 1000 
rpms to pellet the fragments. Excess of mother liquour was removed to obtain a 
concentrated slurry and stabilizing cryo-protecting solution was added and mixed carefully 
with the slurry. This procedure was repeated three times to ensure full buffer 
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exchange. Holey 300 mesh carbon Quantifoil® R2/2 grids were negatively glow 
discharged at 25 mA and 2*10^-1 mbar for 30s from both sides. Then 2 µl of the 
concentrated and cryoprotected nanocrystal solution were pipetted onto the grid and 
incubated for 1 minute, before the excess liquid was removed by careful blotting from the 
backside using Fisherbrand P2 filter paper. Afterwards the grid was flash frozen by 
plunging it into liquid nitrogen. The grids were stored in liquid nitrogen until they were 
used for data collection. 
 
Collection of MicroED Data: diffraction patterns were collected using an FEI Titan 
Krios TEM equipped with a field emission gun operating at 300kV, corresponding to an 
electron wavelength of 0.0197Å (21, 22). Data was collected on a TVIPS TemCam-F416 
4K x 4K CMOS camera with sensor pixel dimensions of 15.6 µm x 15.6 µm. Images were 
taken in rolling-shutter mode with 2X-pixel binning, resulting in final images of 2048 px 
x 2048 px. Frames were acquired under a continuous rotation of 0.1o/s every 5 s, or a 0.5o 
wedge of reciprocal space per frame. Data was converted using open-source software and 
corrected for pixel truncation as previously described (35, 36). MicroED experiments were 
performed at liquid nitrogen temperatures, ~77K.  Nano crystals diffracted to 
0.7Å resolution by MicroED. 
 
Structure Refinement 
X-ray and microED data were processed in space group P1 using the software package 
XDS (37). Reflections were indexed using the program XPREP in P2(1)/n or P2(1)/c. The 
X-ray structure was solved using the program SHELXT (38) yielding 146 gold and 57 
sulfur atoms. The Fo-Fc difference map using X-ray data set 2 (Table S2) showed positive 
density for fourty-four pMBA molecules. The full model was completed using the 
difference map (Fo-Fc) from X-ray data set 1 (Table S2) which revealed all fifty-seven 
pMBA molecules (Fig. S3 C-E). The microED structure was solved using a partial solution 
obtained with the program Shake and Bake (39) where 79 Au atoms were clearly identified 
in the Patterson map. The remaining Au atoms and all 57 sulfurs were easily identified as 
positive density in the Fo-Fc map. Only a few p-MBA molecules were observed in the 
microED data.  
The microED and X-ray structures were refined using the programs SHELXL (40) and 
Phenix (41). Several rounds of manual building and refinement were employed to place 
the pMBA molecules.  
       
Supplementary Text 
 
Mass Spectrometry 
We previously reported a detailed electrospray ionization mass spectrometric (ESI-
MS) analysis of the cluster sample without ammonium acetate coprecipitation (25). In that 
analysis, the dominant species was reported as (144,60) while stressing the presence of 
other “hidden” components, including intact (130,50), and ESI fragmentation products of 
(137,56), (102,44), and (180,66). In the light of the new composition found for the 
ubiquitous ~29kDa cluster (core mass), (146,57), the original mass spectra of samples 
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without ammonium acetate were reinterpreted  (Fig. S2A and Table S1) and samples with 
ammonium acetate coprecipitation were analyzed by HPLC-ESI-ToF-MS (Fig. S2B). 
Spectra of samples without ammonium acetate were collected on an Exactive Plus 
EMR Orbitrap spectrometer with an electrospray source at the ThermoFisher’s facility in 
San Jose, CA with sample infusion rate = 5 µL/min; particle concentration ~ 0.5 µg/µL; 
scan duration = 4.8 minutes (25). In the present analysis, the spectra were recalibrated using 
the observed signals of the z = 6- to 9- ions of (101,42), the dominant fragmentation product 
of the parent of precise composition (102,44) (11). Indeed, the recalibrated spectra in 
Figure S2A show better agreement with a composition of (146,57). The experimental 
parent mass of the (146,57) signal is 37,489 Da while the theoretical mass is calculated to 
be 37,488 Da, an error of 1 Da. Furthermore, one of a series of satellite peaks, previously 
assigned to an impurity adduct of ~63 Da mass, is now reinterpreted as arising from 
(144,60) and its ESI fragmentation products (144,58) and (143,58). The experimental mass 
for (144,60) is 34,551 Da, five Da away from the theoretical value of 37,556.  Thus, the 
reinterpretation of the ~63 Da spacing to the substitution of two gold atoms for three 
ligands (2,3) is consistent with the simultaneous presence of both (144,60) and (146,57). 
In order to estimate the Au146/Au144 relative abundances in the cluster sample without 
ammonium acetate coprecipitation based on mass spectrometry, the signals for z = 5-, 6-, 
7-, 8- charge states for (146,57) and (144,60) were integrated and compared as shown in 
Table S1.  This exercise indicates that the ratio of (146,57) to (144,60) is ~ 1.8, or nearly 
double. Of course, this estimate should be taken with caution as the relative signal strengths 
are biased by how easily each component dissolves, spray, and ionizes. 
The cluster samples with ammonium acetate coprecipitation were analyzed by the LC-
MS method, which resolves (separates) multi-component samples (chromatographically) 
prior to the identification of each component (mass-spectrometrically). It can also help in 
reducing interference from adducts (42, 43). The Au144/Au146 clusters were detected intact 
(Fig. 2SB). The minor co-components are separated cleanly, however no resolution of 
(144,60) from (146,57) was achieved. The major peak could be cleanly attributed to the 
intact (146,57) species, in the charge-states = [4-] thru [7-], with [5-] dominant. Minor 
satellite peaks could be attributed to water adduction. The peak signal that could be 
attributed to intact (144,60) was never stronger than ~ 1/4th of the base peak (146,57). On 
this basis, it is concluded that the sample has a significantly reduced (144,60) abundance 
in relation to the dominant (146,57) component. 
 
Computational DFT methods. 
The ab initio DFT structural optimization started from the experimental structure. In 
order to obtain a tractable size for the calculations, we have replaced both the sulfur atom 
and the rest group of all ligands by chlorine atoms (isoelectronic substitution, (44)). 
Subsequently, the structure was relaxed using the VASP code (45,46) with PAWs until all 
forces were smaller than 0.001 eV/ Å. A cubic unit cell of 33 Å and an energy cutoff 280 
eV was employed. A charge state of 3- (three additional electrons) was used to comply 
with the expected electronic shell closing at 2008 electrons according to the superatom 
model. Among our various optimizations with distinct exchange-correlation functionals 
and charge states {3+, 1+, 1-, 3-}, the LDA optimization chg.= 3- turns out to best represent 
the Au-Au bonds (Fig. S13), unlike the calculations done using a GGA functional (PBE; 
not shown).  
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Figure S13 shows the Au-Au distances are very well reproduced, which holds both 
for the nearest-neighbor distances and for Au-Au distances of more distant Au atoms. 
Unlike the nearest-neighbor Au-Au bonds, the Au-S bond lengths show a bimodal 
distribution, in agreement with experiment, where this double-peak structure is rather 
broad. These peaks get much narrower following the relaxation, indicating a slight 
symmetrization of the structure compared to the irregularities from diffraction. The first 
peak is at 2.297 Å, the second at 2.360 Å. The minimum separating the two peaks of the 
distribution is at 2.330 Å. The curves are obtained by convolution with a gaussian of s= 
0.01 Å. Similar results were obtained on the -SCH3 model where the R group is replaced 
by methyl CH3. 
 
 
 
 
 
Fig. S1. 
Gel electrophoresis of gold nanoclusters. (1) Au144 or ~29kDa (core mass) standard*. (2) 
Au102 or ~22kDa (core mass) standard*. (3) and (4), two different aliquots of Au146 without 
ammonium acetate coprecipitation. (5) Au146 with ammonium acetate coprecipitation. 
*Samples analyzed by Mass spectrometry revealing peaks traditionally assigned to Au144 
or Au102 (11, 25).     
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Fig. S2 
Mass Spectrometry analysis in the mass region (146,57) - (144,60). (A) Orbitrap ESI-MS 
of sample without ammonium acetate coprecipitation. (B) HPLC-ESI-ToF-MS of sample 
with ammonium acetate coprecipitation. The labeled peaks were assigned by multiplying 
the calibrated ion signals (m/z) by the indicated charge (z = 4-, 5-, 6-…). (*) marks 
expected position for (144,60). 
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Fig. S3 
Typical diffraction patterns obtained with (A) MicroED at subatomic resolution (outer ring 
at 0.73Å) and (B) X-ray at atomic resolution (outer ring at 1.3 Å). Subatomic resolution 
could only be achieved with electron diffraction despite multiple attempts at three 
synchrotron sources (See Table S2) (C) Final refined X-ray 2Fo-Fc map contoured at 2 s 
from data set 1 (See Table S2). The presence of all 57 p-MBA were only evident in data 
set 1 (see methods). (D) and (E) Fo-Fc map (contoured at 2 s and utilizing +15 B-
sharpening factor in Coot (47)) illustrating difference density for p-MBA molecules from 
data set 1.  
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Fig. S4 
Conversion of cuboctahedron (left) to anticuboctahedron, or J27 (right). A cuboctahedron 
is the smallest polyhedron to describe the FCC packing whereas nested anticuboctahedra 
represent a twinned-FCC structure.  
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Fig. S5 
(A) Theoretical three-shell J27 and (B) incomplete three-shell J27 in Au146. J27-3 displayed 
in green. The truncation of atoms in Au146 spherizes the cluster.  
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Fig. S6 
Comparison of the ideal three-shell J27, with 147 atoms, (A-C) and the three-shell 115-
atom core in Au146 (D-F). Gold atoms truncated in experimental structure appear in light 
gray in the ideal structure, while atoms with shifted positions in Au146 appear in dark gray. 
  
 
 
11 
 
 
 
Fig. S7 
Comparison of mirror planes. Starting with the twin plane parallel to xz plane (view in Fig. 
S6-D), the structure was rotated to the left (A) or the right (A’) to obtain views of mirror 
planes. Sets of mirror planes views (B-F, B’-F’) were obtained after consecutive 60-degree 
rotation around y-axis. (G) and (G’) corresponds to the two mirror planes parallel to the 
twin plane. 
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Fig. S8 
View of crystallographic planes. Plane directions are absolute to an FCC unit cell. First 
shell J27-1, red; second shell J27-2, brown; third shell J27-3, light green; extra atoms in 
the core, dark yellow; peripheral atoms in dark green. Most peripheral atoms deviate from 
crystallographic positions. 
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Fig. S9 
Radial pair distribution function. Line in purple represents ideal atomic distances retrieved 
from an ideal three-shell FCC structure of 147 gold atoms. 
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Fig. S10 
(A) 79-atom twinned, truncated octahedron extracted from the experimental core of Au146. 
(B) Radial distance from central atom. It is distinguishable from the histogram the group 
of 12 atoms (~2.9 Å), corresponding to first shell J27-1, in red; the groups of 6 (~4.2 Å), 
24 (~5.1 Å), and 12 (~5.9 Å) atoms forming the second shell J27-2, in brown; and an 
additional group of 24 atoms (~6.6 Å) belonging to the third shell J27-3, in light green, for 
a total of 79 atoms. The remaining atoms (distances from central atom > 7 Å) display less 
ordered positions. J27-1, red; J27-2, brown; J27-3, light green; four extra atoms in the core, 
dark yellow; peripheral atoms, dark green. 
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Fig. S11 
Comparison of dimeric staples (Sulfur in purple) and bridging motifs (sulfur in pink) in 
(A) Au246 and (B) Au146.  
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Fig. S12 
Comparison of dihedral angle in monomeric staples in several clusters. 
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Fig. S13 
Interatomic distances Au-Au and Au-S bonds derived from experimental (exp.) 
coordinates and relaxed coordinates from the DFT calculations (Cf. Fig. S9). The Cl-
substituted model is shown at the bottom left panel; orientation is shown as indicated by 
the axes; yellow and green spheres correspond to the Au and Cl atoms, respectively.  
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Fig. S14 
Effect of a twin on the growth of nanoparticles. Growth on (A) a cuboctahedron and (B) 
an anticuboctahedron (J27). In both cases, the 13-atom kernel (red) could be first capped 
with an atom in each of the {100} facet (brown). The remaining available sites in the 
cuboctahedron are 3-coordinated, resulting in a 19-atom seed. In the J27 the two atoms 
deposited in mirror {100} planes create 4-coordinated sites on the twin plane, resulting in 
a 22-atom seed.  
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Table S1. 
The signal from the intact (146,57) component is approximately twice that from the intact 
(144,60) component. 
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Table S2. 
Crystallographic data and structure statistics. 
 
	
	
X-ray	Dataset	1	
(SLS:	XO6SA	–	PXI)	
X-ray	Dataset	2	
(APS:	SERCAT	–	
22ID)	
X-ray	Dataset	3	
(APS:	GM/CA	–	
23IDB)	
microED	
Dataset	(Janelia:	
Titan	Krios)	
Data	Collection	
Wavelength		 1.05	Å	 1.00	Å	 0.67	Å	 0.025	Å	
Reflections	 	 	 	 	
Measured	 179954	 125543	 144128	 205619	
Unique	 58950	 43620	 28145	 56295	
Resolution	(Å)	 32-1.13(1.2-1.1)	 40-1.7(1.6-1.5)	 35-1.4(1.5-1.4)	 12.4-0.87(0.9-0.8)	
Rmerge	(%)	 8.7	(51)	 7.3(47)	 12	(32)	 57.9	(89.8)	
I/s	(I)	 5.13	(0.74)	 6.3(1.4)	 5.4	(1.2)	 5.27	(0.36)	
Completeness	(%)	
84.5	(48.4)	 95.2(83)	 	87	(52)	 70.2	(35.3)	
Multiplicity	 2.57	(0.93)	 4.5(2.2)	 2.3	(0.8)	 1.33	(0.2)	
	 	 	 	 	
Refinement	Statistics	
Space	Group	 P12(1)/c	 P12(1)/n	 P12(1)/n	 P12(1)/n	
Cell	(a,	b,	c)	 56.2,	32.5,	57.4	 31.7,	56.2,	51.5	 31.7	56.1,	51.4	 31.7,	56.2,	51.5	
Angles	(a, b, g)	 90,	116.6,	90	 90,	90.5,	90	 90,	90.5	90	 90,	90.5,	90	
Rwork/Rfree	 19/21	 18/21	 22/24	 27/29	
Number	of	Atoms	
Au	 146	 	 	 	 	
S	 57	 	 	 	 	
Number	of	Molecules	
p-MBA	 57	 	 	 	 	
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Movie S1 
360-degree rotation of Au146(p-MBA)57 with the twin plane in the horizontal plane. First 
shell J27-1, red; second shell J27-2, brown; third shell J27-3, light green; surface or 
peripheral gold atoms, dark green; sulfur, cyan; carbon, light gray, and oxygen, light red. 
 
 
